Abstract: BACKGROUND AND OBJECTIVE High-field intraoperative magnetic resonance imaging (ioMRI) is becoming increasingly available in neurosurgery centers, where it has to be combined with intraoperative neurophysiologic monitoring (IONM). IONM needle electrodes remain on the patient during ioMRI and may cause image distortions and burns. We tested magnetic resonance (MR) -heating experimentally and investigated the prevalence of complications. METHODS We studied electrodes that are certified for IONM, but not "MR conditional." They consist of copper cables (length, 1.5 m) and needles made of either stainless steel (ferromagnetic) or paramagnetic platinum/iridium alloy. We simulated an ioMRI session with gel and measured the temperature increase with optical fibers. We measured the force that an electrode experiences in the magnetic field. Between 2013 and 2016, we prospectively documented subcutaneous needle electrodes that remained in the patient during intraoperative 3 Tesla ioMRI scans. RESULTS The in vitro testing of the electrodes produced a maximum heating (ΔT = 3.9°C) and force of 0.026 N. We placed 1237 subcutaneous needles in 57 surgical procedures with combined IONM and ioMRI, where needles remained in place during ioMRI. One patient suffered a skin burn on the shoulder. All other electrodes had no side effects. CONCLUSIONS We have corroborated the history of safe use for electrodes with 1.5 m cable in a 3T MRI scanner and demonstrated their use. Nevertheless, heating cannot be excluded, as it depends on location and cable placement. When leaving electrodes in place during ioMRI, risks and benefits have to be carefully evaluated for each patient. The authors report no conflict of interest concerning the materials or methods used in this 23 study or the findings specified in this paper.
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JS has given presentations for Inomed and OB has given presentations for Siemens. We thank P. Roth for providing the artwork in Figure 2A and for our electrodes. We tested the twisted pair electrode (Figure 1) . We fixed the temperature 103 sensor fiberoptic Neoptix® to the electrode tip. We first applied the MR sequence T2 turbo 104 spin echo in transverse axis with 49% predicted head-SAR (1.5 W/kg) to replicate the 105 condition during surgery. We then modified the T2 sequence to 99% predicted head-SAR (3.2 106 W/kg) to enlarge the energy deposition and temperature increase. 
152
The patient was then transferred to a room adjacent to the surgery theatre and shifted into the 153 bore of the MR (3T Siemens Magneton). In the MRI head scans described in this study, the 
Statistical methods
161
We used descriptive statistics only. 
Number and types of electrodes left in ioMRI 177
We placed a total of 1093 electrodes in 57 surgeries. Of these, 301 were Pt/Ir There were no adverse events for the ferromagnetic twisted pair stainless steel needles. There 
Heating in ioMRI 212
In general, heating due to the RF field can occur (9, 13). In agreement with the 213 literature (12), the adverse event due to heating in the RF field was irrespective of the 214 electrode material used. However, heating depended strongly on cable length and on the 215 geometrical alignment of the cable (Figure 2) .
216
In our case with the skin burn (Figure 4) , the electrode was placed in the shoulder 217 region. This electrode was outside the head coil, but still partially inside the RF body coil 
General considerations and recommendations
226
Leaving IONM subcutaneous needles on the patient during ioMRI can be acceptable 227 despite the lack of IONM needles labelled "MR conditional". Even though we could not show 228 any heating >3.9°C after 15 min, this does not exclude the possibility of much higher heating.
229
Local SAR variation on the surface of the patient may further influence the results (15).
230
Clearly, MR sequences with lower SAR bear smaller risks of burns. If IONM electrodes are 231 used within the RF body coil or in the near neighborhood, the potential risk of RF heating 232 must be taken into account and the medical benefit must outweight the risk.
233
During surgery, clear guidelines were followed to reduce the potential risk of RF 234 heating ( Figure 3, Table 2 ): it was assured that cables had no direct skin contact (isolation 235 should be at least 1 cm); that cables were aligned in parallel to the main magnetic field; that 236 cables of multiple electrodes did not cross each other; and that the connectors were isolated 237 against each other and against the skin (to avoid nerve stimulations from the gradient).
238
Contrary to popular belief, heating can occur with both ferromagnetic and diamagnetic 239 materials, since heating is due to the electric conductivity of the needle and cable, which is 
CONCLUSIONS
264
We have corroborated the history of safe use for electrodes with 1.5 m cable in a 3T scanner.
265
Nevertheless, heating cannot be excluded, as it depends on location and cable placement.
266
When leaving electrodes in place during ioMRI, risks and benefits have to be carefully 267 evaluated for each patient. Image distortion on the skull from skin staplers, which fixate Pt/Ir electrodes at sites C3, Cz, 295 C4 (top arrows). No electrode movement, no skin irritation and no heating were observed at 296 these sites. The site of image distortion is far from the lesion (bottom arrow). 
